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Abstract

At HF through UHF frequencies, wave propagation in a forest environment
is mainly attributed to a lateral wave which propagates at the canopy-air in-
terface. Due to the existence of tree trunks, significant multiple scattering also
occurs which is the dominant source of field fluctuations. Basically the cur-
rent induced in the tree trunks by the source and the lateral wave re-radiate
and generate higher order lateral waves and direct scattered waves. Using a
full-wave analysis based on the method of moments in conjunction with Monte
Carlo simulations, the effect of multiple scattering among a very large number
of tree trunks is studied. It is shown that only scatterers near the source and
the observation points contribute to the field fluctuations significantly. This
result drastically simplifies the numerical complexity of the problem. Keeping
about 200 tree trunks in the vicinity of the transmitter dipole and the receiver
point, a Monte Carlo simulation is used to evaluate the statistics of the spatial
and spectral behavior of the field at the receiver. Using a wideband simulation,
the temporal behavior (impulse response) is also studied as is performance of
antenna arrays and the effects of different spatial diversity combining schemes
in such a multi-path environment.

1 Introduction

Accurate prediction of radio wave propagation in a communications channel is es-
sential in the development and design of an efficient, and low-cost wireless system.
High fidelity models are necessary in order to treat the tradeoff between radiated
power and signal processing by addressing such issues as coherency, field variations,
multi-path, and dispersive (path delay) effects. Current channel models are heuristic
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in nature and have limited applicability. A physics-based approach to channel charac-
terization gives insight into the mechanisms of radio wave propagation and inherently
provides highly accurate results. With this as a motivation, a physics-based model-
ing approach is being pursued at the University of Michigan for which advanced and
efficient electromagnetic diffraction models are being developed.

Due to relatively high attenuation rates, direct wave propagation in a forest envi-
ronment is not possible over large distances at high frequencies. In the HF-UHF range
where both the transmitter and receiver are embedded in the foliage, radio signals
can propagate over relatively large distances. This peculiar behavior is explained by
certain type of surface waves known as the lateral wave [1].

Mathematically speaking, the lateral wave is the contribution of the branch cut
from the integral of the spectral representation of a dipole field inside a half-space
dielectric. This formulation provides an expression for the mean-field assuming the
canopy-air interface is smooth. For predicting the mean-field more accurately, in a
recent study [2], the effect of canopy-air interface roughness on the propagation of
lateral waves was studied and it was shown that the canopy-air interface roughness
reduces the mean-field. As mentioned earlier path-loss only partially characterizes
the channel and other scattering mechanisms must be accounted for to complete the
model. At UHF and lower frequencies, the dimensions of leaves and branches are
small compared to wavelength and do not cause significant scattering which is the
source of signal fluctuations, multi-path, and dispersion. The effect of tree trunks
which are electrically large create a highly scattering environment.

In this paper the effect of tree trunks is accounted for by computing their interac-
tion with the source and the lateral waves. A numerical solution based on the method
of moments (MoM) in conjunction with Monte-Carlo simulation is proposed to eval-
uate the scattering effects of tree trunks. However, considering the number of tree
trunks between the transmitter and receiver, it is quite obvious that a brute-force ap-
plication of MoM is not possible due to the exorbitant memory and computation time
requirements. To make the solution tractable while maintaining the model fidelity,
three techniques are proposed: 1) simplification of the MoM formulation noting that
tree trunks are sparsely distributed, 2) simplification base on physical insight by not-
ing that the scattered fields from tree trunks between the transmitter and receiver,
but distant from them, are almost in-phase, and 3) simplification of field computation
using the reciprocity theorem. In what follows, the forest model is described first and
then the simplified MoM formulation is presented. This model is used to demonstrate
that only scatterers near the source and observation points significantly contribute to
the field fluctuations. Next the near-field interaction of tree trunks with the source
field and lateral waves are computed by application of reciprocity and using the MoM
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formulation. Finally, numerical simulations are presented, where the spatial decor-
relations in a forest environment are examined and the performance of the antenna
arrays and spatial diversity schemes evaluated.

2 Forest Model

The model presented in this section is suitable for predicting the statistics of the field
radiated by an elementary antenna embedded in a forest environment and is valid
for frequencies up to UHF. As mentioned earlier, since the dimensions of leaves and
branches are small compared to the wavelength, the forest canopy can be modeled by
a homogeneous dielectric . However, the trunks whose dimensions are comparable to

* or larger than a wavelength must be treated separately. Figure 1 shows the geometry
of the wave propagation problem where both the source and observation points are
within a dielectric slab with effective permittivity E~f f. This dielectric slab is assumed
to have a smooth lower interface with a dielectric half-space (representing the ground)
and a rough upper interface with air. Tr~ee trunks are modeled by dielectric cylinders

* perpendicular to the ground plane having a relatively large height-to-diameter ratio.
Ignoring the scattering from tree trunks, the mean field at the receiver is composed
of the following components as depicted, in Fig. 2:

1. geometric optics terms which include the direct propagation between the trans-
mitter and receiver and reflected fields from the upper and lower interfaces. The
mean reflected field from the upper interface is reduced exponentially where the
exponent is proportional to the rms height of the canopy-air interface roughness
[3]. These terms are only important when the receiver is relatively close to the
transmitter, otherwise due to the lossy nature of the effective dielectric constant
of the foliage these components do not contribute much. Basically the geomet-

5 ric optics terms exponentially decay with distance between the transmitter and
the receiver.

2. Lateral wave (a diffraction term) which propagates along the canopy-air inter-
face and decays proportionally to the reciprocal of the radial distance squared(-

* 1/p 2 ). The path loss associated with the lateral wave propagation increases with
increasing foliage density (effective dielectric constant) and decreases by bring-
ing the source or observation points closer to the canopy-air interface. The
path loss increases as the canopy-air interface roughness (rms height) relative
to wavelength increases. Close examination of the expression representing the

* lateral wave contribution reveals that the contribution can be attributed to a
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ray that emanates from the source along the critical angle, propagates along the
canopy-air interface, and arrives at the receiver along the critical angle as shown
in Fig. 2. Other higher order lateral wave contributions also exist, of which
two are significant. One corresponds to the ray emitted from the source which
reflects from the ground boundary, propagates along the critical angle and then
travels along the interface (EGL). The other one is the reflected lateral wave
from the ground which arrives at the receiver (ELG). These two contributions
are also shown in Fig. 2

The expression for the electric field resulted from the asymptotic expansion of the
spectral integral around the branch cut (Lateral wave) for a half-space dielectric with
a smooth boundary is given by [2]

jIlZo e-jk°pe-jkl Vl--(h+h') . (1)
E - 27r(I - K)1/4 [(h + h')V/ - pVT-_3,1/2 p112A

where p is the radial distance between the transmitter and receiver, h and h' are the
depth of transmitter and receiver below the canopy-air interface, Ii is the current
moment of the dipole, and k0 and Z0 are, respectively, the propagation constant and
the characteristic impedance of free-space. In (1) the unit vector, 1, denotes the dipole
orientation , = l/eff where Seff is the effective dielectric constant of foliage, and A
is a symmetric dyad given by

COS2 
0-, co sn0Cos~

x - csASin¢ sin2  (2)

'cosk '-sin 1

Here 0 is a cylindrical coordinate angle representing the location of observation point
with respect to the transmitter. Assuming the canopy height is H, the lateral wave
from the image of the source in the ground plane (EGL) is given by

jI1Zo e-jkoPe-jkl•1V 1-r/(2H-h+h') -. R.t (3)
GL = 2r(1 - K) 1/4 [(2H - h + h')/%,i - pVPZ7K] 3 / 2 p1/ 2

where R is the reflectivity matrix given by

[ sin2 q _R± - cos 2 OR,, -sin ¢ cos O(R± + RIj) 0
1R - sin 0 cos ¢(R± + R1 ) co 0 OR± - sin2 OR,, 0 (4)

0 0 R11
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and Rt1 and Rt11 are the Fresnel reflection coefficients of the ground evaluated at the
critical angle 0, = sin-' Vr/T Similarly ELG is given by

ELG = 27l~ (1ko-eKk1/4 7 (2H-hh R - A - 1 (5)
2ir1 K)/ 4 [(2H + h - lV- - pVYT 3/2 p1i/2

In (3) and (5) the effects of the ground surface wave is ignored. The phase term of
equation (1) indicates that the lateral wave is locally a plane wave propagating along

1-rr..- - -.

the direction k, = ko [cos O.Ji + sin 09 - and also noting EL - ,= 0. The

expression for the lateral wave contribution for rough canopy-air interface is more
complicated than (1), but the mean-field still represents a plane wave locally [2]. To
include the effects of scattering from tree trunks consider the geometry of the problem
as shown in Fig. 3. The source and its image excite polarization currents in the di-
electric cylinders which in turn re-radiate and produce multiple scattering among the
tree trunks and secondary lateral waves (lateral waves generated by scattering from
the tree trunks) that arrive at the receiver. The sum of all lateral and the secondary
lateral waves will be referred to as the total incident wave in the vicinity of all receiver.

0 The total incident wave excites polarization currents within the dielectric cylinders
(tree trunks) near the receiver, which re-radiate and together with the total incident
fields constitute the total field at the receiver. A formal solution to the problem can
be obtained rather easily by casting the formulation in terms of an integral equa-
tion for the polarization currents induced inside the dielectric cylinders. However,
the brute-force solution of the integral equation using the method of moments is not
tractable because of the large number of unknowns and the complex nature of the
dyadic Green's function of the problem. To make the problem tractable an accurate
approximate solution is sought. An accurate approximate solution, considering the
physics of the problem, can be obtained as will be shown in the following section.

3 Reduced Problem

As mentioned before, estimation of field fluctuations in a forest environment requires
* the computation of multiple scattering effects, as well as the interaction of lateral

waves with large number of dielectric cylinders. It is expected that the induced
polarization currents in cylinders near the source be much stronger than those in
cylinders distant from the source. Also the contribution to the received fields from
cylinders in the vicinity of the receiver is expected to be high. Although the contri-

* bution to the scattered fields from individual cylinders between the transmitter and
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receiver which are not in the close proximity of the either is relatively small, one
may argue that there are many such cylinders and the overall contribution may be
significant. Considering the path-length between the transmitter to a cylinder and
from the cylinder to the receiver, and noting that the scattering is strongest in near
forward direction, the scattered fields from these cylinders arrive almost in-phase.
Therefore the scattered field from cylinders that are not close to the receiver and
transmitter are not expected to contribute to the field fluctuations significantly. The
effect of these scatterers may be accounted for by replacing them with an effective
dielectric constant. To examine the validity of these postulations, a 2-D medium con-
sisting of infinite cylinders, excited by line source, is considered. Figure 4(a) shows
the geometry of the problem where a line source capable of supporting z-directed
current (TM case) or p-directed current (TE case) is used as the transmitter. Figure
4(b) shows the geometry of the reduced problem where the scatterers that are not0
close to the receiver and transmitter are replaced with a effective dielectric constant.
Our objective here is to show that the mean and variance of the field in the original
problem and the reduced problem are the same. The method of moments is used to
solve these problems for a given arrangement of cylinders. Then using Monte-Carlo
simulation, the desired field statistics are computed. In the implementation of the
Monte-Carlo simulation, the boundaries of the medium must be varied randomly by
a few wavelengths to avoid coherence effects [4]. Position of cylinders are determined
by a random number generator. In this filling process the distance of a new cylinder
is measured from the previous ones to ensure a minimum distance between the tree
trunks. The filling process for each medium realization is continued until a desired
number density is reached.

3.1 The Method of Moments for M-body Sparse Scatterers
In this section a numerical technique based on the method of moments appropriate 0
for a relatively large number of sparsely distributed dielectric cylinders, illuminated
at oblique incidence is described. The integral equation formulation for the induced
polarization current for infinite cylinders whose axes are parallel to the z-axis is given
by

JA =-jkoYOE t ±'+ G(I,5--,i') J-(fl')ds' (6)
-1=

where D~ represents the incident field having a propagation constant ko, E, is the
relative dielectric constant of the cylinders and s' is the cross section of the nth
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cylinder. The explicit expression for the dyadic Green's function is given by

k+ 2  a2jy02 _0 a2 a X 2 .a a a x"

G(IP- ,31) = " o" - jk 22- H( 1 ) (kp (7)
-kz -jk1 kZ2

where k, is the propagation constant of the incident wave along the z-axis, and kp =

k- kz. Following the standard procedure of the MoM, the cross section of the
cylinders are descretized into small cells over which the current distribution may be
considered a constant vector. Using point matching, the integral equation(6) can be
cast in terms of a matrix equation of the form

Z.j= V(8)

where Z is known as the impedance matrix. The size of the impedance matrix is
proportional to the total number of cells for all N cylinders and is a limiting factor
with regard to computer memory. Noting that in a fully-grown forest, the tree trunks
are sparsely distributed, storage of all elements of Z can be avoided. In this case, the
impedance matrix of the individual cylinders (block diagonal elements) are computed
and stored. This can be limited to a few matrices corresponding a small number of
cylinder, with different radii that represents the variability in tree trunk diameters.
Next the impedance matrix elements or the pairwise interaction between the cells
at the center of the cylinders are computed and stored. The interaction between
other elements are computed in an approximate manner as needed in the program
and are not stored. For further clarification, consider the ith and the jth cylinders
in the global coordinate system whose centers are respectively located at (Xi,Yi) and
(Xj,Yj) as shown in Fig. 5. Suppose the interaction between two cells, whose local
coordinate in the ith and jth system are respectively given by (xý,y') and (x,,yj), are
needed. In this case, using the Taylor series expansion,

I -Pj - i+(xi - xj) (Xi - Xj)+(i- yj) (Yi - i(9(X-X)(+-[)+ (9)
Pij Pij

where Pij = v(X, - Xj) 2 + (Y, - yj)2 is the distance between the centers of the
cylinders. The approximation in (9) can be used in the evaluation of integrals needed
for the computation of matrix elements. For example,

[x'+A/2 y (1) --

Ivy I 1-A/2 j.L HM'(kplp,5- - J)dx'dy'

*HO)(kpPij)" eIi.' = Iij -

7



where I,(, = kp [(Xi - X.)(xý - x[) + (Yi - Y)(yi - Yj)] /PJ, and a_ = A 2 1 ) 2.
As mentioned earlier Iij is stored and It, is computed as needed . Using a sparse
matrix storage scheme [5] and storing a small number of terms like, (Xi - Xj)/pij,
(Yi - Yj)/pij, (x' - x') and (y' - yj), the needed memory size is reduced. Similarly
for other terms of the dyadic Green's function that require spatial derivatives, we can
use the following approximations:

+ -k) 2 - o•nk2 {H(i)(kp) 1 (kpPij) [cos 2 Oij - sin29Oij]}"e~ij I (10)

where the positive and negative signs are used for u = x for u = y, respectively. Also
in (10)

COS 2 0./ -- 2 0., Ecs2 Oisin2in O1j+(a1-a2)/piJ
C+(a +aW)/pJ

al 2(Xi - Xj)(x - x'), a2 = 2(Yi - Yj)(y - y5) Oij = tan•1 [(Ye - Yj)/(Xi - Xi)]

Moreover

19 it k2L 0 T(U l u ) -O iiNu 2 P73 -

for u = x or y. Finally for the '2In term, we can use

a2 ,j, _ (Xi - Xi)(11 - Y) + (Xi - Xi)(y• - y") + (Y1 - Y)(xX - x.1) 0(k)

Oxay Pi• + (a, + a2) kpH2

Table 1 shows the sub-matrices and arrays that are stored in this scheme for M iden-
tical cylinder, each descretized into N pixels.

3.2 Statistically Equivalent 2-D Medium

In this section, a complete MoM solution for a large number of cylinders is used to
verify the conjectures mentioned for the reduced problem. However before presenting
these results, the accuracy of the approximate MoM solution for the M-body, sparse
scatterers problem is evaluated. An array of 50 equally spaced dielectric cylinders
with sr = 5 + j and radius 0.3m are arranged along Y-axis with a spacing of 2m.
This array is illuminated by a 50MHz plane wave at an oblique incident angle 0 =
600 and TE polarization. The scattered field computed by the exact MoM and the

8
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approximate MoM are compared along the curve, y = xlnx. Small discrepancies are
observed between the two solutions which are plotted in Fig. 7 as relative percentage

* error. Many other cases were also examined and it was found that when the average
ratio of cylinder spacing to cylinder radius is larger than 5, the approximate MoM
is capable of producing very accurate results. Having confidence in the approximate
MoM algorithm, simulation of wave propagation in a sparse random medium is carried
out. A large number of dielectric cylinders (2000) confined in a rectangular box as
shown in Fig. 4, are considered. The box is chosen to have average dimensions of
50m x 800m. As mentioned earlier, to eliminate the coherence effect of finite box
size (see [4]) the dimension of the box is varied by at least one wavelength in the
Monte Carlo simulation. A line source is used as the transmitter, at location (x =

20, y = 25) and the field is calculated at a point located at (x = 780, y = 25).
* Many sample media are generated and the MoM solution for each sample is used to

construct approximate statistics of the field at the receiving point. In specifics, the
mean and standard deviation (SDV) of the field is monitored and the simulation is
continued up until a convergence is reached. The contribution to the total mean-
field and standard deviation from scatterers in range bins of 20m wide are stored

* separately and are plotted in Fig. 8, for three frequencies of 10, 30, and 50MHz.
It is interesting to note that the contribution to the total standard deviation (field
fluctuations) are mainly dominated by the scatterers near the source and observation
points. This indicates that scatterers between, but not close to, the transmitter and
receiver are not significant sources of field fluctuations and can be replaced with an

* effective dielectric constant. The geometry of the reduced problem is shown in Fig.
4(b) where 600 cylinders near the source and 250 cylinders near the observation point
are kept and the rest are replaced with an effect dielectric medium. In this simulation
a cylinder density 0.05/in 2 is used and the comparison of standard deviation for the
complete and reduced problems for the TM case is shown in Fig. 9. As can be

* seen in Fig. 9 the reduced and complete problems produce effectively the same field
variations. To examine the field variance only, far less scatterers produce the same
result. Figures 10(a), 10(b),and 10(c) show respectively the field variance for TE
(10(a), and 10(b)) and TM (10(c)) excitation using 200 cylinders near the source and
150 cylinders near the receiver. For these simulations cylinder density 0.01/in 2 is

* used. For the reduced problem, the effective medium is anisotropic and its dielectric
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constant is a tensor given by [4],

Eef f = h + (E~i - Eh) f for TM

Eef f = h +f (i - Eh) 2 for TE

4 Fast Field Calculation Based on Reciprocity

As our goal in this investigation is the computation of the fields of a dipole in a forest
environment, computation of polarization currents in tree trunks when illuminated by
the dipole is needed. Even with the simplification mentioned in the previous section,
a 3-D scattering problem which includes more than 200 cylinders is not tractable
numerically. In this section, we demonstrate a procedure where, with the help of
reciprocity theorem, the 3-D scattering problem is first reduced to an equivalent 2-
D problem, which is then solved by the method of moments. To demonstrate this
procedure, let us first consider a short dipole near a single cylinder as shown in Fig.
6. The field at the receiver is the sum of the field of the dipole and the radiated
field from the polarization current induced in the dielectric cylinder embedded in
the canopy above the ground. Since the observation point is in the far-field of the
cylinder and the dipole, reciprocity can be applied to simplify the problem. According
to the reciprocity theorem [6], the vertical component of the received field for a
dipole excitation with orientation 1 is equal to the 1 component of the field near the
cylinder of the same dipole oriented vertically and located at the observation point.
According to (1), the field of the dipole (in the modified problem) illuminating the
dielectric cylinder is locally plane wave. Also noting that the induced polarization
currents in a finite, long dielectric cylinder is approximately the same as those of
an infinite cylinder having the same radius and dielectric constant [7, 8], the MoM
solution for 2-D problems can be used to find the induced polarization currents. Once
this polarization current is obtained, the near field can easily be computed and the
expression for it given in the Appendix. The same procedure is applied to find the
contribution of all cylinders in the vicinity of the transmitter, at the receiver. To
compute the effect of the scattered field of cylinders near the receiver, the fields of
the dipole and all cylinders in its vicinity are computed at each cylinder location near
the receiver. Again these fields are locally plane waves illuminating tree trunks near
the receiver at an oblique incidence equal to the critical angle. MoM is used to find the
induced polarization current in cylinders near the receiver from which the scattered
field is computed. Hence the contribution from all cylinders near the transmitter
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and receiver are included. To account for the effect of the forest floor, the geometric
optics images of the dipole and lateral waves on the ground plane are considered and

* their contributions are evaluated using a similar procedure. It is worth mentioning
that in this case, the number of cylinders which need to be kept in the vicinity of the
transmitter and receiver for the reduced problem is expected to be smaller than what
was obtained for the 2-D problem. Basically for the dipole excitation where the finite
tree trunks are illuminated by the resulting plane waves at oblique incidence, fewer

* number of cylinders can interact with each other.

5 Numerical Simulation

* Based on the rigorous electromagnetic model described in the previous section, a
very accurate propagation model which provides a complete channel characterization
of forest media is possible through Monte Carlo simulations. To examine the effect
of tree trunks on the field of a transmitter in a forest, we first consider a single tree
trunk in the near-field of a short dipole. For this example a dielectric cylinder with

*permittivity - 5 + j, radius a =35cm , and height h, = 15m is considered in a
forest with a canopy having Eeff =1.03 + jO.036 and height H =20m. A vertical
dipole transmitting at 90MHz is placed at a distance of 10cm from the surface of the
cylinder and is moved up and down, and around the cylinder and its field is com-
puted at an observation point 1km away from the cylinder and 5m above the ground

* plane. Figure 11 shows the normalized z-component of the field at the receiver as
a function of dipole height above the ground and for three azimuthal angles around
the cylinder. The normalization here is with respect to the field of the dipole in the
absence of the cylinder. It is shown that the field at the receiving point fluctuate as
the dipole is moved along the cylinder axis. This fluctuation is a result of construc-

* tive and destructive interference of the direct field, scattered field from the cylinder,
and their images on the ground plane. Since the cylinder radius is small compared
to the wavelength a gentle variation is observed as the dipole is moved around the
cylinder. It is interesting to note that for most dipole locations, existence of the
cylinder in the near-field region of the dipole enhances the field at the receiver since

* the tree trunk acts as a passive radiator. Next, computation of path-loss and field
standard deviation is considered for the forest of the previous example. In this case
tree trunks having an average height 15m and height standard deviation of 1m with
number density 0.05/in 2 and dielectric constant of E = 5 ± j are also included. As
mentioned before, the number of cylinders we need to keep for the reduced problem

* is expected be smaller than those for the 2-D problem. Here we kept 200 cylinders
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near the transmitter located at the origin 3m above the ground and 50 cylinders near
the receiver located 1km away from the transmitter and 5m above the ground. Table
2 shows the path-loss (with respect to the free-space) of the normal component of the
wave and its standard deviation at 50MHz for a vertical dipole. Also shown in Table
2 are the path-loss and standard deviation if 390 cylinders (250 near the source and
140 near the receiver) are kept. The Monte-Carlo simulation converges after about
30 realizations and is shown that the results based on 200 cylinders is very close to
those based on 390 cylinders. This convergence test indicates that a moderate number
of scatterers (about 200) is sufficient for accurate characterization of field variance.
The results also indicate a standard-to-mean ratio deviation of almost unity for the
random variable Ez. Using different forest parameters and frequencies (at HF band)
random variable Ez showed a similar behavior. That is the statistics of the channel
follows Ricean statistics with a standard deviation-to-mean ratio ranging from 0.5 -
2. This is different than Rayleigh statistics which is commonly assumed for commu-
nication channels. Significant non-zero mean-field is a direct result of contributions
from the lateral wave.
For communication channels with significant multi-path, antenna arrays are usually
used to mitigate fading. In this case, because of the existence of a considerable co-
herent mean-field, antenna arrays may provide coherent gain. To investigate the per-
formance of antenna arrays in a forest environment two basic configurations, namely,
broadside and end-fire are considered. For the broadside configuration four vertical
dipoles are arranged along a line perpendicular to the line between the transmitter
and receiver points with a spacing of A/2. The four elements of the end-fire array
are placed along the line between the transmitter and receiver separated by 7A/16
and having a progressive phase factor of -71r/8 [9]. The field of these two arrays
are evaluated and the path-loss and SDV-to-mean ratio is reported in Table 2. It is
found that the broadside array has about 11dB less path-loss than the end-fire array.
This is very close to the 12-dB gain of a 4-element array and indicates that the field
of all four elements of the broadside array arrive at the receivers almost coherently
whereas those of the end-fire array are incoherent. This behavior can be understood
by consideringý the spatial correlation function in the forest environment. The spatial
correlation coefficient between two points ir' and r-2 is defined as [11]

Cov [E(y I), f (F•2]C8r 1, r2
UE 1 UE 2

where aE1 and uE2 are the variance of the field at 'r- and r- respectively. A grid of
nine points along x-axis (direction between the transmitter and receiver) and nine
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points along y-axis separated by A/2 that is 1km from the transmitter is generated
and components of the electric field are calculated many times for different cylinder

* arrangements in order to compute the correlation coefficient. Figures 12(a) and 12(b)
show the magnitude and phase of CQr(f, F2) along the x- and y-axis respectively. It is
shown that the signal along y-axis remains coherent over much larger distance than
along x-axis. This result is in agreement with the observed behavior of broadside and
end-fire antenna arrays. Sampling theorem [10, 11, 12] is used to generate the smooth

* curves that goes in between the discrete points in Figs. 12.
To study the path-delay effects, the impulse response of the channel must be char-
acterized. The impulse response cannot be directly determined. However, by char-
acterizing frequency response over a wide bandwidth the impulse response can be
determined by applying the Fourier transformation to generate time domain (range)

* information. Direct application of FFT is not computationally efficient considering
the number of frequency points which are needed in order to avoid aliasing. For
example, with a receiver at a distance of 1.5km from the transmitter a maximum
frequency spacing of 200 KHz is required. A pulse width of 12.5 nsec corresponds to
80MHz bandwidth which can be used to resolve path delays 3.75m apart. In this case

* for each forest realization 400 frequency points must be simulated. To circumvent
this difficulty we used a non-uniform frequency sampling scheme. Gauss quadrature
integration [12] is used to evaluate the Fourier transform. The order of Legendre
polynomial should be chosen so that the minimum distance between the zeros of the
Legendre polynomial is smaller than the minimum frequency spacing required to avoid

* aliasing (200 KHz for the above example). Impulse response of the forest considered
in the previous example is simulated at HF using a bandwidth of 10 - 90MHz. A
receiver at a distance of 1km from the transmitter is considered. It is expected that
the dispersion (pulse spreading) will be observed due to multiple scattering among
tree trunks and the frequency dependent path-loss of lateral waves. Figure 13 shows

* the frequency response of the received field in the absence of the tree trunks and the
ground plane for two cases: 1) smooth canopy-air interface and 2) rough canopy-air
interface with a rms height 2m. The transmitter and receiver are 17m and 15 m below
the interface and the effective dielectric constant of the canopy is eeff =1.03+jO.036,
as before. It is shown that the canopy-air interface roughness increase the dispersion.

* Figure 14 shows the impulse response of the forest channel including tree trunks and
the underlying ground plane. For the calculation of the impulse response, Gauss
quadrature method with 40 points is used over the frequency range of 10 - 90MHz.
A Gaussian pulse is assumed to be transmitted which is also plotted in Fig. 14 for
comparison. The amplitude of the transmitted pulse is multiplied by the path-loss

* and delayed by the free-space distance between the transmitter and receiver. As can

13



be seen in Figure 14, pulse spreading and ringing are observed which are the result of
dispersion and multipath. The last simulation demonstrates performance of different
spatial diversity schemes. Three antennae 1.5A apart are aligned x-axis placed 1km
away from a transmitter operating at 50MHz in the forest. Three diversity schemes
are examined: 1) selective diversity (SD), 2) equal gain combining (EG), and 3) maxi-
mal ratio (MR) combining [13]. In SD scheme the detector simply chooses the output
of the receiver with the highest receiver power. In EG combining method the detector
is provided with the averaged detected signal from each receiver (a weighting factor of

wi= 1/3 is used in the combining). In the diversity scheme based on maximal ratio
combining a weighting factor proportional to the signal power is used to combine the
signals from the receiver (wi EP P.) To assess the performance of the above-

mentioned diversity combining methods, cumulative distribution function(CDF) of
fading depth for each diversity scheme is calculated using a Monte-Carlo simulations.
The fading depth is defined as power level at the output of each combiner (SD, EG,
or MR) above the average power in dB (10log(~j2j/([E~j'))). Figure 15 shows the
CDF of fading depth for SD, EG, and MR combining methods. Also shown is the
CDF of one of the channels. It is shown that the performance of all three diversity
scheme is approximately the same for this problem.

6 Concluding Remarks

A complete wave propagation model capable of predicting path-loss, time delay re-
sponse, and coherent frequency response in a forest environment is developed. The
model is based on a hybrid analytical and numerical approach which allows for effi-
cient computation of important channel properties without compromising accuracy.
The model accounts for multiple scattering among tree trunks and includes the effects
of the forest ground plane. Branches and leaves are represented by an effective dielec-
tric constant which limits the range of validity of the model up to UHF. Except for
the path-loss calculation other statistical channel characteristics are determined using
a Monte-Carlo simulation. In general, propagation simulations are slower at higher
frequencies which depending on the computer platform also constitutes a limit for
the highest frequency. The model is used to simulate performance of antenna arrays0
and different diversity schemes. It is shown that because of a significant non-zero
mean-field, spatial diversity only improves the channel fading moderately and there
is not a significant difference between different diversity combining schemes. The
model presented in this paper shows the possibility of constructing a very accurate
physics-based propagation model capable of end-to-end channel simulations.

14



Appendix: MoM Formulation

In this appendix a general method of moments formulation for 2-D dielectric objects
with possible dielectric inhomogeneity is provided. The axis of a cylinder with an
arbitrary cross section is assumed to be parallel to the z axis and the surrounding
medium is assumed to be free-space. Let the relative permittivity of the cylinder be
C,(X, y) and its relative permeability be unity (pr = 1). The cylinder perturbs the
incident field and the difference between the perturbed (total) and incident field is
known as the scattered field; thus,

E'P = EV(p) + E f (A. 1)

where p is the position vector in cylindrical coordinates. From Maxwell's equations
it can be shown that a volumetric current density of the form

Je(P) = -ikoYo[er(fi) - 1]E t (p), f E S, (A.2)

known as the polarization current, in free space, can replace the cylinder to reproduce
the scattered field. Therefore the scattered field, can be obtained from:

ES(p) = -ik 0Z0  J,(P')- ?(p, P)ds', (A.3)

where G(p, p') is the two-dimensional dyadic Green's function given by ([7]). Using
(A.1), (A.2),and (A.3) an integral equation for the unknown polarization current can
be obtained,

Je(P) = -ikoYo[c,(p) - 1]{Ei(fi) - ikoZo jJe(p') G(f, p')ds'}.

Assuming the incident field is illuminating the cylinder at an oblique incident angle
Oi (k' = k0 cos 0i), in order to satisfy the phase matching condition, all field and
polarization current components have a z-dependance of the form e-kzz. If the incident
field is normal incident k' = 0, then the problem may be decoupled into TM and TE
problems. For the TM case the incident, scattered, and hence, the polarization current
have only z components and the integral equation is simplified to

Jz(x,y) = -ikoYo[er(X,y) - 1]Eiz(x,y) + i [6r(x,y) - 1] (A.4)
Sf•Jz(x',y')H•l)(kp I,5-, I)dx'dy'}.
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In the TE case both x and y components of the polarization current are induced and
they satisfy the following coupled integro-differential equations

i0

J.(x,y) = -ikoYo[cr(X,y) - 1]E,(x,y) + '[cr(x,y) -1

+2- k2 ) Jk Jx(x', y')HWM)(k• ,5- p' )dx'dy
+ .2 --M

-y f JY(x', y')H(1 ) (kp I -i- p' J)dx'dy'}

J (x,y) -ikoYo[cr(x,y) - 1]E'(x,y) + [jer(X,Y) 1] (A.5).ra2 f jx/x', yH(1) Zk

"aays , 1 0 ,5 -p' 1)dx'dy'+(-L2- + k02) f Jy•'x', y")H(1)(kp I --• 0' J)dx'dy'l

The resultant integro-differential operators obtained for the polarization current do
not impose any restriction on the functional form of the current, in particular, the
pulse function is in the domain of the operators. It should be noted here that the
kernel of the integral equation (Green's function) for the TE case is more singular (12)
than for the TM case (In p). There is no known solution for these integral equations
in general, but their forms are amenable to numerical solution. An approximate
numerical solution for the integral equations can be obtained using the method of
moment in conjunction with the pulse expansion function and the point-matching
technique. The cross section of the scatterer is divided into N rectangular cells that
are small enough so that the polarization current and relative permittivity can be
assumed to be constant. The unknown current can be approximated by

N

JP(x, y) = Z JmP(x - Xy, Y - ym), p = x, y, or z (A.6)
m=1

where Jm are the unknown coefficients to be determined and P(x - Xm, y - Yin) is the
pulse function defined by

1 11 Ix x 1< AX-• Iy --Y.ml< Ay
P(x - Xm, Y - Ym) { 0 otherwise 2 , 2  (A.7)

By inserting the current as expanded in (A.6) into the integral equations (A.4) and
(A.5) and then setting the observation point at the center of the mth cell, a linear set
of equations is formed. In matrix notation, these linear equations can be represented
by

ZTMJZ = gz (A.8)

for the TM case, where ZTM is the impedance matrix, Jz is the unknown vector, and
[S.] is the excitation vector. Similarly for the TE case the coupled integral equation

16



(A.5) in matrix form becomes
zTEJ' + zTEJY (A.9)

z x + Z[ T jY FYs

where as before ZTE, ... ,T are N x N impedance matrices and Ex and Ey are
the excitation vectors. The above coupled matrix equation can be represented by a
2N x 2N matrix equation similar to (A.8). For the general case of obliquely incident,
all three current components are coupled, and the final matrix becomes

zTEj+±zTEjY +Zxj 2  £

4EJf 4 + zsEy + z~"JZ = 4 (A.10)Z~~j 2 ,2TM g

*ZXJ + ZYJY + kpZTJ,

Although the variation of the polarization current and dielectric constant over
each cell is ignored, this cannot be done for the Green's function. Actually for cells
close to the observation point, the Green's function varies rapidly and its contribution
must be evaluated more precisely. Let us denote the function representing the Green's
function contribution by

÷AX y f ,Yn

(X, y) f"+2 f'+" H2l)(kp-/(x - x') 2 + (y - y') 2)dx'dy' (A.11)
JX" AXn J-&n-

2 2

* where 1 < n < N. If the observation point (x, y) is different from (xn, yn) , then the
integrand in (A.11) is not singular and since I X' - xn I_< A• and I y' - y" _< "n, its
Taylor series expansion may be substituted. By retaining the terms up to the cubic
order in the expansion of the Hankel function, I,,(x, y) is found to be:

* In(x,y) = An nHl)kVx- xn)2 ±(y - y) 2 ) + (kpLAXn) 2 A(x - Xn, Y - Y)
(kpAYn)

2 (B)(x 0 XY
24

(A.12)
where

A (x -xn, Y -yn) = A (rn, On) =-1101) (kprn)cos2 On + kPrn (cos2 On - sin 2 On),

(A.13)
_ ~~~rsl)( kprn (sin2 On- cos 2 On)B (x -xn, Y- yn) = B (rn, On) 11P -Hi(kprn) sin2 On +{ kprn (i nCS n

(A.14)
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with the following definition for a pair of local polar coordinates:

rn = v/(X - x.) 2 + (y - Yn)2 (A.15)

On = arctan(y-x(A.).

The first order derivatives of In(x, y) are also easily calculated and are given by

oI9n(xy) AX= AY{- (k /((x- x) 2 + (y - Yn os

24 Ox-) (k ,Al' 2  
- (A.16)

(k5AXA) 2  +- xk, y - Yrx + , y- X -24 - n , 24 a

aI _(x'y) =AXnAY,,{-H(1)(kpv1'x_ - xn) 2 + (y - yn)2) sin On+
(k&X) A x, y - y) + (kY) 2  - (A.17)

24 TY 24 Oy

where
'A(rn, O)= H(')(kr ) cos'On - H(1)(kpr) 2cos0,sin2 °On, +

OX 1P p ~ n0 rn

cs-On (cos 2 On - sin2 on) [kpH k) r (kprn)] + (A.18)
kprn rn P

H•1)(kprn) 4cos-O sin2O,

kprn rn

) COS()( On 2 cos On sin20On

°9 B(rn, On) = H(')(k r ) cos O9, - o (k)o. -

C"oSn (cos 2 0 - sin2 0•) [kPH l)'(k r.) - HL-(k"r")]- (A.19))

H_1)_(kprn) 4CsOsin
2 On

kprn rn

9A(rn, On) = H(')(kr) COs 2 On sinOn + H1l)(kprn)2cos 2 OnsinOn±+

Sif-lj (cos 2 On - sin 2 on) (k)r( - Hfl)(kIpr,) ] + (A.20)

H__)(kprn) 4cos
2 OnsinOn

kprn r'n

o-B(rn, On) =H(1) (k rn)OSOnsin On + H10() (kprn)2 sr•sn°-,

§fLL (cos 2 On - sin 2 On) [kHl()' )(kp r) - kp -- (A.21)

HI1)(kprn) 4cos2 OnsinOn
kp rn rn
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The second order derivatives of In (x, y) are also needed for calculation of the impedance

matrix elements for the TE case, and are given by

2 k2)In(X, y) AXnAYnk", { Hý(kprn) sin2 2n ± H•'(k'rn) (cks2 n - sin2 0 2
+AX2 Y. 2y2 k () k,,, i kp )Br ,n) On)

- ±-(l + k2)A(rn, 0) + -B-0

AXnAYnk2H 10 (kprn) sin2 On

(-•y + ko)I,(x,y)= AXnAYnk 1{H(l)(kprn)cOH21n ± r (sin2)(5 n-- COS2 2 On)
AX2 (Q±2 2k)A(r2 On)+ yi(--ý4- (Tý-+ 2ArnO) + 2(-!ý-(•2 + k o)B(rn, On)}+

AXn AYn k2 HM (kprn) cos2 on
(A.22)

where
0

8 2 A(rnOn k)= k{Hol-)(kprn)[cOs2 0(3cosn On + 1 sinl On)

+s0(3 Cos 2 On - sin 2 On)]+ H l( k p rn ) [ 5-rq c o s 2 0 nq s i n 2 0 O q _ 4 si 2 I 2 0 )
(kHrn) 3 k3COS2 On - sin2 On)]

[_ O4O -sin 2 O _ OS2 +S
+H,()(kprn)[-cos¢On + (Or.)O (.9COS +sin2 On)]

+H(') (k rn)[ cos 2 On(Cos 2 On - sin2 On)]},
(A.23)

= k{H) (kprn)[sinOn( cos2 On + 2 On)
i92A (rn, On) k fH()( r )[i sin2 n

+± & (cos2 On - 3sin2' O)]
di (1)njCS2 2 4 cos 

2
0, Sn n CoO)+H•1 )(kprn)[--k- cos 2 On sin2 On + )( 3 sin2 On - cos 2 On)]

+H(1)(kprn)[-1 sin 2 On cos 2 On + COS2 (9in 2 0 - cos 2 On)]
2 p n 2 ~ (kpr,,) 9 i

+H(1)(kar)[ sin2 on(cos 2 On - sin2 On)]),
(A.24)

_ .X2B(rn, On) k (k 1COS2 On)
+2 (sin2 OO - 3cos2 Os)]
+H(1)(kprn)[ s (-4 cos2 On + sin On) + 4•sin 2 O (3 cos 2 On -sin2 On)]

+H(l)(kprn)[-_ sin 2 On cos 2 On + s (9 cos 2 On - sin2 On)]
2 p n 2(Ikprn2

S+H(') (k rn)[I cos 2 On(sin2 On - cos2 on)]},

(A.25)
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ak2{Ha (kprn)[sin29n((Isin2On ±+ cos 2O0)
2 s ( sin 2 0 C cis2 0.)]+Hl(k zrn )2[3sin 2O os 20 4 cos2 O '20"

krOn (k-p (3r n•n) - OS n)]

H sin4 2 os (9 sin2 On - cos2On)]

+H ~l)(kpr )[I sin 2 On (sin 2 On - cos 2 0)]}.
(A.26)

We also note that an exact analytical expression for o- In (x,y) can be obtained
without using the Taylor expansion and is given by

a 2 In(x,y) = H) (x - Ax - )2 + (y - yn )2)_
V/ -0_Y •2 2 ~

HX)(k. (x- - ,n)2 + (Y - Yn + -)2 )-
H)(') (kp F(X - X:-+: )2 ( - (A.)2)+

H(1)(kpV(X- X,, + In) 2 + (y - yn - 6,yn)2)+H( / (_kp )2 + "_yn)2)

When the observation point is in the center of the cell itself, the Taylor series expan-
sion cannot be used. In this case we can employ the small argument expansion of the
Hankel function, i.e.

H(1) X) I 2i
H01 (x) ( 1 + -(ln -±+y) (A.28)

7r 2
Then at the center of the cell (self-cell contribution), we have

I( ) i4 knAXpAYn n ir,+3 + n( k(AXn )+(AYn)( 9
I ,•( X n , 2n - 7 -T n 2 ) J( A .2 9 )+(kPA2n )2 arctan (Y) + (kp1yn)2(2 - arctan( ))}

Using the same expansion we can also get

2) + .k•I(x., n) i: k k2A Ay l
-!2-2-+k)I(, yn) p i~~An Xn ['Y i ±3 +lIn( kP V(AXn)2+(AYn) 2 ]

+(kpXn)2 arctan( "fl) ± (kPALnYn)2(r arctan( A)}

(A.30)

( 22 + k2)In(xn, Yn) i4kkhAXAYn [,._•Y _ +3 +In( k P( 2+a ) n)
+(kpZYn)2(2j - arctan( y)) + (k )2 arctan(" )}

(A.31)
The evaluation of the second order derivatives of In(x,y) (expressions in (A.22))
gives accurate results when rn > A/60. For smaller values of rn the small argument
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expression for the Hankel function can be used. In such cases we have
(-822 + ko'))I.(x, y) = F, (x, y) - F2 (x, y) (.2
( ± + ko)I. (x, y) = F,(x, y) - G2(x, y)

where
Fj (x)y) = k.2,xn. b7i L2 - 1) +(tan a. - tan a-' i •

* - !b n ( -[I i n j
2 Ja n2 In 2 2anlA.3

G.(x,y) k _Ya - 2_i 1) + (tan •n - tan -b-l)(!• - L) (A33)
"" 0 2 (nj 7r• -- r -- ) an, anj 7 r 7 .

ian -k b Nb2i - bn In__2
7.r_ [bn 2 In --.2 in b2 +a2

with

anj = X Xn - A1. (A.34)
bX Y n +Ain i=2

AYn 1 (A.35)
bn Y Yn + i2

* Now we are in a position to express the impedance matrix elements in terms of
In (x, y). The off-diagonal entries of the impedance matrix for the TM case are given
by

ik(2
ZTM= - --[(Xm, Ym) - 1]In (Xm,ym) (A36)

0 and the diagonal entries are
ikH -[Er(xn, yn)- 1]In (xn, yn)- 1 (A.37)

For TE polarization, where the impedance matrix is composed of four sub-impedance
matrices, the off-diagonal elements of each matrix are

ZTL J = i[E[C(Xm, YM) - 1][(- + kR)I0(x•,yi)]
Z2m'T = C[r•(xm, Ym)1- 1 yIn (Xm, Ym)] (A38)TEE

Zrn = Z2mn E(38

ZTmn = r[c,(xm, y.)- 1][(o"2 + k2)In(Xi, y.)]

and the diagonal elements are given by

ZInT = 1[6,(Xn, Yn) - 1][(0-2- + ko)I (xn, yn)]-1TE
Z2nn = 0

TE (A.39)Z3Tnn=0

*z•. = r[E(Xn,)Yn) 1][(- + k0)In(x.,
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Finally the terms, ZX, and ZY are given by

Zn = r(xm,ym)- 1] In(xm,ym) (A.40)

for off-diagonal elements, and

Zxn -= Znn = O m = n (A.41)

for diagonal elements. The excitation vector elements for the TM and TE incidence
cases, respectively, are given by

Ex = ikoYo[cr(xm, yi) - 1]Ei (xm, ym), TE (A.42)

Sy = ikoYo[kr(Xm, yi) - 1]EiY(x., yi), TE (A.43)

£z = ikoYo[cr(xm, yn)- 1]Ei(Xm, yn) TM (A.44)

Appendix B: Near Field Calculation

In this section an efficient formulation for the calculation of scattered fields from
dielectric cylinders is provided. With the help of the Hertz potential, electric field
can be easily computed from a known current distribution, J, by using E V(V.
tIe) + kHli. The electrical Hertz vector is represented by

1 f 4i e jkfe I dv' (B.l1)
fi =-e 47jw6 v, '• IF- P,--- d' 81

n

where J4 is a constant vector. Let I = , 'elz xy f ff(IrF- i)e-1kez'dx'dy'

where s' is a cell area. For small pixel area and using mid-point integration

j A2 ejkrn

f~n rn
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where rn, = V/(X - x') 2 + (y - y.) 2 + (z - z') 2. Based on the above result, other
integrals can be evaluated as

* A2  
ejkrn 1n

= -I • A2  (jkrn- 1) 1 3cos29 + jkcos2 0n
aX 2  

Irn rn

2 e (jkrn- 1) 3 sin2 On
0 -= y2 I A2e (jkrr - 1) r1 rn +jksin2 On

a2  ekrn 1 r,=~ -- zzI •A 2  -(jkr - 1)I - jcs nkcosOl

- 1 A 2 jkrn - lejkr,ý COSOn U = X
S au r sinOn u=y

The rest terms, Icu, Ixz and Iz, can be evaluated analytically as

I -= A2 [ejkrn- ejkrT+ ejkr+- eJkrt+ 1
±Y +r= [ - - r-+ r+ - -- +

f L a92  fL eijkrno1 O no ejkrnt
IxdZ' = axa Idz' =A2 -(jkrno - - 2 (jkrn - 1) cos OnIe-jk'•LI0 dz 9xz I rno rnII

L a2 L 2eikrno eikrnl

Izz dz' = - I az -= _ (jkrno 1) sin Ono - A2 (jkrnl - 1) sin Onte- kL

where

rn• =V/(X -n ±• A/2)2 + (y - yn ± A/2)2 + (Z - z')2

rno = V/(X Xn)2 + (y - yn)2 + Z2

rnI = V( -Xn)2 + (y - yn)2 + (z - L)2

coSOno = z/rno, cosO01 = (z - L)/rno

Therefore final expression for the electrical field that includes the effect of ground is
given by

1 f2

* 47rjw- n~] [{(Rh + 1)(I.. + k~I 1 (Rh± )IYl + AR + l)I~~l1} I

{(Rh + 1)Ixylx + (Rh + 1)(Iyy + k•I)jY + (R• ± 1)Iyzlz} •+

{(Rh + 1)Izlx + (Rh + 1)Iyzly + (R, + 1)(Izz + k2I)1z} +

Rh(Ix•z ± I+ z y +Izz)(coscopl + sin •z)] dz'

0 (B.2)
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where the summation is over all cells in all cylinders and Rh, and R, are the ground

Fresnel reflection coefficient and also/Rh sin 20 cos' -sin2  [
r.Cos 0+ V,-sin2 6 1]

0

0

0

0
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Stored Components Size
Imp. Matrix of individual cylinder M x M: TM, 2M x 2M: TE

kp(Xi - Xj)/pij, kp(Yi - Yj)/pij M(M - 1) array
_ _ij, M(M_- 1) array

Cos 2 ij - sin' Oij M(M - 1)/2 array

Table 1: Stored matrices and arrays for the implementation of M-body sparse scat-
terers.

Path-loss(dB) SDV/Mean(dB)
Antenna Configuration 200 cyl. 390cyl. 200 cyl. 390 cyl.

single dipole 47.5 48.16 1.42 1.16
4-element Broadside 48 3
4-element End-fire 59 2.45

Table 2: Table 2: Path-loss and standard deviation-to-mean ratio of the field of a
vertical dipole and 4-element dipole arrays in the forest with Eeff = 1.03 + jO.036,
canopy height H = 20m, tree density 0.05/mr2, and tree trunk height of h = 15m.

IZ

Eo Canopy-air interface

(x'",y'z) E.eff(xyz

* Ground(Eg)

Figure 1: Geometry of a forest model for characterization of wave propagation in a
forest environment.
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Figure 3: Scattering mechanisms resulted from wave interaction with tree trunks in

a forest environment.
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Figure 5: Global and local coordinate systems used in the MoM formulation of sparse
scatterers.

Canopy Canopy

T •
Transmitter Observation point Transmitter

Figure 6: Application of reciprocity theorem for the computation of scattered field of
cylinder from a nearby dipole embedded in a dielectric slab above ground plane.
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Appendix c: Software Description
The document provides a short summary of different programs that are needed for simulation of
wave propagation in a forest environment. There are 32different programs and input files. That
different simulations can easily be carried out by combining appropriate modules. Of 32 files 17
are header files that contain different related mathematical routines and are called automatically
from the main programs. Table 1 includes the names and functions of these header files. All
header files are specified by a suffix ".h".

1 - Description of Program

Table 1: Header Files

File Name Description

CGsolver.h Contains routines for CG type matrix solver

buildandsolve_ Contains routines for building and solving matrix equation for approxi-
system.h mate MoM.

calculus.h Contains routines for Gauss quadrature integration

complex.h Contains routines for complex arithmetic
0 constantem.h Contains physical and mathematical constants

emtool.h Contains routines for calculation of Fresnel reflection coefficient

filehandler.h Contains a routine for opening files

incidentfield.h Contains a routine for the calculation of lateral wave without tree trunks

meshtooll.h Contains a routine for generating tree locations and discretizing each
cylinder

momtool.h Contains a routine for the calculation of impedance matrix.

my-malloc.h Contains a routine using "malloc" function

nearfield.h Contains a routine for the calculation of near field from finite cylinder

randomtool.h Contains random number generator routine

readconf.h Contains a routine for reading input files

reflectedwave.h Contains a routine for the direct and reflected scattered field from the
ground plane using nearfield.h

sparsematrix.h Contains a function for indexing sparse matrices

specialfun.h Contains special functions routines

0



There are also 5 programs that handle pre- and post-processing. These program files are denoted
by a suffix ".c" and listed in Table 2.

Table 2: Pre- and Post-processing Files

File Name Description

mesh_s_corr.c Generates 50 different realization of tree trunk positions for spatial
correlation simulation

meshtime.c Generates a single realization of tree trunk position for time domain
simulation

filejmerergers__corr.c Performs the calculation of output results (mean, standard deviation,
and correlation coefficient) for spatial correlation simulation

file-mergerjtime.c Merges output files of timedomain.c (see Table 3) into a single file
used by time.post.c

time-post.c Calculates time domain response from the frequency domain results

There are 3 main programs that simulate wave propagation in a forest environment. These pro-
grams are specified by a suffix ".c" and listed in Table3.

Table 3: Main Programs

File Name Description

array.c Calculates field at one observation point with one dipole, or array excita-
tion

s_corr.c Calculates spatial correlation along x-axis or y-axis with one dipole, or
array excitation

timedomain.c Calculates spectral domain solution for time domain response with one
dipole, or array excitation

There are 3 different input files that are needed to run the main program and are summarized in
Table 4.

Table 4: Input Files

File Name Description

array.conf Used for array.c and s.corr.c, and timedomain.c



Table 4: Input Files

File Name Description

arrayinfo.conf Contains locations, orientation, and phase difference of the array ele-
ments

timedomain.conf Used for time_domain.c

There are 4 m-files that plot the results of simulations. Table 5 includes names and their functions.

Table 5: m-Files

File Name Description

array-m.m Plots the resulting electric field of "array.c" as function of realization

s_corrm.m Plots the results of "s_corr.c" using "samplingm.m"

sampling-m.m Matlab function for interpolation using sampling theorem

timedomainm.m Plots the results of "timedomain.c".

2 - File Format of Input Files

1) array.conf

The input values should be inserted under the variable name in the order shown below.

Table 6: array.conf

Variable name Description Float orInterger

frequency: frequency [Hz] Float

obs-x, obsy, x, y, and z axis of Observation point [m] Float
obs-z

radius radius of cylinder [m] Float

min-gap minimum distance (min-gap*wavelength) between cylinders Float

density density of cylinders [/m2 ] Float

forestH height of forest [m] Float



Table 6: array.conf

Variable name Description Float orInterger

cyl-h Mean height of cylinder [m] Float

cyl-v Variation of height of cylinder [m] Float

errorc error criterion for iteration solver Float

er eff r Real part of effective dielectric constant of the canopy Float

er eff i Image part of effective dielectric constant of the canopy Float

egjr Real part of dielectric constant for ground Float

egi Image part of dielectric constant for ground Float

eg-sigma Conductivity of dielectric constant for ground Float

#ofantenna Number of antennae in the array under consideration Integer

#ofmesh Number of discretization points along a cylinder diameter Integer
used in the method of moments.

#ofscattererl Number of scatterers near source Integer

#ofscatterer2 Number of scatterers near receiver Integer

#ofiteration Number of iteration number Integer

#ofpoints Number of segments along z-axis of cylinders for numerical Integer
integration. (> L/0.15,%)

Maxit number of iteration for iterative solver. (typically around 3 Integer
times the matrix size)

0 Note: Float type variables should be input like 1.0 or 1..

2)arrayjnfo.conf

Table 7: array info.conf

Variable name Description Float orInterger

ant-x, ant_y, antz Coordinate of the transmitter antenna [m] Float

ori-x, ori-x, ori_x Orientation of transmitter Float



Table 7: array-info.conf

Variable name Description Float or
Interger

phase.diff Phase difference with respect to the first antenna Float
[Degrees].

Note: The coordinate, orientation and phase-difference for each antenna in the array should
appear in separate successive lines.

Example - The input file for three z directed antennas in an array with a progressive phase 180
degrees.

antx ant.y ant-z orix ori__y ori z phase dif
20. 25. 3. 0. 0. 1. 0.
20. 30. 3. 0. 0. 1. 180.
20. 35. 3. 0. 0. 1. 360.

3) timedomain.conf

Table 8: timedomain.conf

Float orVariable name Description Interger

startingjf Starting frequency [Hz] Float

end f Stop frequency [Hz] Float

sN Total number of samples between startingjf and endf Integer

disro Distance between transmitter and receiver [m] Float

3 - Running the Programs
For "array.c", simply compile and run.

For "scorr.c" and "timedomain.c", follow the steps shown below.

1 st step: To generate tree locations use "mesh_s_corr.c" for spatial correlation calculation and
"meshtime.c" for time domain calculation. The "mesh s corr.c" generates 50 samples of tree
arrangements for Monte Carlo simulation. "meshtime.c" generates only one sample of tree
arrangement. The "meshtime.c" receives input argument as "meshtime n" where n means
nth realization.



2nd step: Run main program, "scorr.c" or "timedomain.c".
0 4"s_corr.c" computes fields at 9 different equally-spaced points along a line(specified in

"mesh_s_corr.c"). Separation between two adjacent points is Vd2 where X is wavelength.
To make the program conducive for parallel computation, s.corr is run using three parameters.
To run, type "scorr n i j" with n, i, j being integer and positive numbers. n specifies the real-
ization number n e {0, N - 1 }, i specifies the observation point i E {1, 9 }, and j E {1, 2 } is

0 a parameter specifying computation for scatterers near the source(j =0) and near the observa-
tion point(j = 1). To compile, type "gcc -o scorr scorr.c -Im", which generates an executable
file called scorr. For Monte-Carlo simulation the following procedure may be followed:

for n = O:N-1
0 for i = 1:9,

forj = 1:2,
s_corr n i j

where N is the total number of realization.
* Note: You can change the direction of observation point by changing "const char direction =

'x';" in the "mesh_s_corr.c" that means observation point moves along x-axis. If you change
this sentence to "const char direction = 'y';" this means observation point moves along y-axis.

The program, "time domain.c" calculates fields at sN different frequency points which is spec-
ified in "timedomian.conf" that are determined by the Gaussian quadrature procedure. To run
this program, type "timedomain n" with n being interger and positive number.
n e { 0, sN - 1 } is a index pointing a frequency point.

3rd step: After finishing the 2nd step, run "filemerger_s_corr.c" for spatial correlation or
* "file.mergertime.c and then time-post.c" for time domain analysis to obtain the final results.

For Monte-Carlo simulation the procedure shown below may be followed:

for n = 1:N,
meshtime n
for i = 0:39,

timedomain i
end
filemerger-time
timepost

move output files to other file name to prevent overwriting those at next simulation
end

4 - Output Files

1) array.c
There are 3 output files, dipolex-p-my.dat, dipole__y-p-my.dat, and dipole-z-pmy.dat.



dipole0_x-pmy.dat includes the x-component of scattered electric field
dipole__yxp-my.dat includes the y-component of scattered electric field
dipoleyz.p my.dat includes the z-component of scattered electric field

Each line of the output files include the
real part and the imaginary part of the resulting field respectively.

2) s-corr.c
There are 3 output files for this program as well. These are scorr_mean.dat, scorr_var.dat,

and scorr.dat.
s_corr_mean: Mean field at the observation points
s_corr_var.dat: Standard deviation of field at the observation points
s_corr.dat: Spatial correlation coefficient with respect to the center point

The format of data in files, s.corrmean.dat and scorr.dat is as follows.
Re[Ex] Im[Ex] Re[Ey] Im[Ey] Re[Ez] Im[Ez]

The format of data in file, s.corr_var.dat is of the following form.
Var[Ex] Var[Ey] Var[Ez]

Note: The program "scorr_m.m" is an m-file which plots spatial correlation after interpolat-
ing data using the sampling theorem.

3) timedomain.c
There are 6 output files for this program.
ifxTDinh.dat: x-component of lateral wave
ify_TD_inh.dat: y-component of lateral wave
ifzTDinh.dat: z-component of lateral wave
sfxTDinh.dat: x-component of scattered wave
sfyTD.inh.dat: y-component of scattered wave
sfzTDinh.dat: z-component of scattered wave

The format of data in these files are as follows:
real part of the resulting field imaginary part of the resulting field

5) Description of main variables

Table 9: Main Variables

Variable Description Type

N Total number of elements in a cylinder Integer



Table 9: Main Variables

Variable Description Type

mN Total size of matrix Integer

NI Number of discretization points along a cylinder diameter Integer
used in the method of moments

i_N Number of iteration Integer

S_N Total number of scatterers = S_NI + SN2 Integer

S_Ni Number of scatterers near transmitter Integer

S_N2 Number of scatterers near receiver Integer

maxiter Max. number of iteration for iterative solver Integer

int_N Number of segments along z-axis of cylinders for numerical Integer
integration

a_N Number of antennae Integer

kr k Float

kO Propagation constant in free space Float

y_0 Free space admittance Float

zO Free space impedance Float

lambda Wavelength Float

ww Weight factor for Gauss quadrature Float array

xx Abscissas point for Gauss quadrature Float array

err Real part of effective dielectric constant of the canopy Float

eri Image part of effective dielectric constant of the canopy Float

err Real part of dielectric constant for ground Float

egi Image part of dielectric constant for ground Float

sigma2 Conductivity of dielectric constant for ground Float

fO Frequency Float

wo 21cfO Float

j_error Error criterion for iterative solver Float

ra Radius of cylinder Float



Table 9: Main Variables

Variable Description Type

min-gap minimum distance (min-gap*wavelength) between cylinders Float

density Density of cylinders Float

f L Height of forest Float

s_L Mean height of cylinder Float

s_v Variance of height of cylinders Float

x.c, y_c, Coordinate of the receiver Float
ZX

cx, cy, cz Center coordinate of each cylinder Float array

array-posi Location of each array antenna Float array

array.ori Orientation of each array antenna Float array

array-pha Phase difference of each array antenna Float array

heightcs Height of each cylinder Float array

center Coordinate of each element Float 3-D array

delta.x, Size of each element in x-, and y- axis Float
delta-y

Z1 Impedance of effective dielectric Complex

imjfield[3] Scattered field from scatterers near the source. Complex array
0: x-comp.
1: y-comp.
2: z-comp.

e 1 Dielectric constant of the effective media Complex

eg Dielectric constant of the ground Complex

kl Wave number of the effective media Complex

kg Wave number of the ground Complex

kz kz Complex

pre_constl, Pre-calculated pre-factor for calculating approximate MoM Complex
pre-constxy matrix

presconstxy
1



0

Table 9: Main Variables

Variable Description Type

mat Diagonal block matrix Complex array

F Current Vector Complex array

J_dis Current distribution, resulting vector Complex array

P, PP Needed memory for iterative solver Complex array
or 2-D array
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